We report completely sustainable processes and materials for inexpensive and scalable fabrication of plasmonically active solid substrates, which are critical for emerging applications in sensing, catalysis, and metasurfaces. Our approach involves grafting of poly(ethylene glycol) (PEG) onto silicon oxide terminated solid substrates using all-water based processing leading to an ultrathin (12 nm) and smooth (roughness of ∼1 nm) functional layer. The resulting surfaces facilitate robust and effective immobilization of gold nanoparticles (NPs) with a density that is superior to the organic solvent based processing. This new process achieves size dependent assembly of the citrate-stabilized gold NPs resulting in high plasmonic activity in surface-enhanced Raman scattering (SERS). The use of leaf extracts derived from Quercus pubescens as a reducing and stabilizing agent allowed for green synthesis of gold NPs with an average diameter of 25.6 ± 11.1 nm. The assembly of the green synthesized gold NPs on all-water processed PEG grafted layers enabled a fully sustainable route for fabrication of plasmonically active solid substrates. The resulting substrates exhibited high SERS response over the entire (∼1 cm 2 ) substrate surface with an analytical enhancement factor of 9.48 × 10 4 for the probe molecule rhodamine 6G under 532 nm laser excitation. A microfluidic device was also constructed on the fabricated platform for SERS mediated simultaneous detection of two nonsteroidal anti-inflammatory drugs, dexketoprofen and ibuprofen, which are widely used in human medicine and present as contaminants in wastewater. The biocompatibility of PEG together with all-water based processing overcome the need for waste management and ventilation of the working place enabling cost and energy efficient, environmentally benign fabrication of plasmonic devices. KEYWORDS: Green chemistry, Plasmonics, Functional surfaces, SERS, End-grafted poly(ethylene glycol)
■ INTRODUCTION
Plasmonic devices enable several important applications in sensing, 1 catalysis, 2 biotechnology, 3 solar cells, 4 and optoelectronics devices. 5 Such applications rely on metallic nanostructures that are uniformly placed on a substrate. The basis of these devices is surface plasmons that can be tailored toward the specific application by modulating the properties (e.g., size, geometry, structure, composition) of the individual nanostructures and coupling between these structures as a function of their separation distance. 6 The conventional route for fabrication of plasmonic devices involves preparation of templates via lithography combined with metal deposition/ etching. 7, 8 Despite the unmatched spatial control over the plasmonic nanostructures produced by nanofabrication, several issues including the cost, scalability, polycrystallinity, and roughness of the resulting metal nanostructures limit their utilization in practical applications. A critical concern about the large-scale fabrication of plasmonic devices via lithography relates the vast use of toxic chemicals including organic solvents, strongly acidic/basic solutions, and corrosive gases. The alternative route involves colloidal metal nanoparticles (NPs) that are massively available at desired properties through wet-chemistry methods. 9 Colloidal metal NPs are often synthesized in aqueous solutions with limited usage of toxic chemicals. Moreover, the past decade witnessed the advent of a range of synthetic methods involving the use of natural chemicals in the green synthesis of NPs contributing to the sustainability of these processes. 10−13 The fabrication of plasmonic devices based on colloidal NPs requires uniform and robust assembly of the particles on the substrates with the ability to tune the density of bound particles and interparticle distances. The immobilization of NPs is performed by chemical functionalization of the substrate, which requires the use of organic solvents and toxic chemicals. 14−16 Therefore, it is highly desirable to develop environmentally benign, scalable, and low-cost platforms that enable uniform and robust assembly of colloidal NPs for fabrication of plasmonic devices.
Here we report environmentally benign materials and processes for versatile fabrication of functional surfaces to serve as templates in the immobilization of NPs into plasmonic assemblies. At the center of our platform is a biocompatible and water-soluble material, poly(ethylene glycol) (PEG), which is extensively used in industrial applications that range from medicine to cosmetics. 17−19 Recently, we and others have demonstrated that when grafted onto substrates and patterned at the nanoscale, PEG interacts with gold NPs in unique ways to assemble the particles into configurations that are of significant interest for plasmonic applications. 20−22 Despite the biocompatibility of the material itself, previous studies on the assembly of NPs on substrates functionalized with PEG involved the use of toxic organic solvents. 23−25 Our objective in this study is to develop all-water based processes in fabrication of surfaces that are functionalized with PEG. The grafting of PEG onto the surface of the substrate is performed via one-step reaction through the hydroxyl end-groups of the molecule. This grafting scheme allows for the use of the industrially available form of the polymer without the need for tedious postfunctionalization steps leading to a low-cost and scalable process. Additionally, for the first time, we present assembly of green synthesized gold NPs that are prepared using natural reducing agents, on end-grafted PEG layers, leading to a completely sustainable process from the surface functionalization to NP synthesis. The systematic studies of synthesis allow for preparation of spherical gold NPs with a high size and shape uniformity. The spectroscopic characterization of the green synthesized gold NPs suggests that the presence of carboxylate groups is important for the stabilization of the particles and their interaction with the PEG-grafted substrates. The uniformity and functionality of the gold NP arrays immobilized on PEG grafted substrates are investigated with ex-situ SEM imaging and Raman mapping of a probe molecule (rhodamine 6G) in surface-enhanced Raman scattering (SERS). 26 The assembled gold NPs result in a highly intense SERS response over the entire substrate and enable detection of analyte molecules down to 100 pM. Furthermore, we demonstrate microfluidic assisted SERS sensing of drug molecules as an application of the fabricated platform.
■ EXPERIMENTAL SECTION
Materials. Silicon wafers were purchased from Wafer World Inc. Spherical gold nanoparticles were purchased from TED Pella Inc. Leaves of Quercus pubescens (downy oak) were collected from Kayseri, Turkey. PEG (35.0 kg/mol) was purchased from Polymer Source Inc. (polydispersity index = 1.15). HAuCl 4 , rhodamine 6G, methylene blue, chloroform (99.0%), and chlorobenzene (99.0%) were purchased from Sigma-Aldrich Inc. Sylgard 184 silicone elastomer kit from Dow Corning and SU-8 photoresist from MicroChem were used for fabrication of microfluidic channels. Dexketoprofen and ibuprofen were obtained from Deva Inc. and BASF Inc., respectively.
Preparation of PEG-Grafted Substrates and Assembly of NPs. Silicon wafers were first cut into 1 × 1 cm 2 pieces and then cleaned in a UV-ozone chamber for 20 min. To graft PEG, a solution (6 wt %, unless otherwise stated) of PEG in water was spin-coated on the freshly cleaned substrate. The spin-coating was performed at 3000 rpm for 30 s with an acceleration rate of 1000 rpm/s. Afterward, the substrate was annealed at 180°C under argon gas environment in a glovebox for 5 min. To remove the ungrafted PEG chains, the substrate was washed in water under sonication for 3 cycles, 3 min each. Following the washing, the substrate was dried with nitrogen. Conventional grafting of PEG using organic solvents was also performed by spin-coating PEG from chlorobenzene (2 wt %) at 3000 rpm for 30 s followed by washing in chloroform under sonication for 3 cycles, 3 min each. For the assembly of NPs, a solution of gold NPs was pipetted on the PEG grafted substrate and incubated for 1 h. Finally, the substrate was washed in water for 2 min under sonication and then dried with nitrogen.
Green Synthesis of Gold NPs. The leaves of Quercus pubescens were cleaned with water followed by drying. In total, 10 g of the leaves was boiled in 100 mL of water and mixed with a magnetic stirrer for 20 min. The obtained aqueous solution was then filtered (Whatman, no. 1) multiple times. The filtered solution of the extract was stored at 4°C until use. A solution of HAuCl 4 (20 mL) at different concentrations (0.1 mM, 0.5 mM, 1 mM) was heated until boiling, while stirring in a heating mantle. The aqueous solution of the extract (0.25 mL, 0.50 mL, 0.75 mL) was added quickly to the boiling solution. The color of the solution slowly turned into violet from petrol blue, indicating the reduction of gold ions. The aliquots of the solution were taken out at different times (30 s, 5 min, 15 min) and then quenched at room temperature for UV−vis and TEM analysis.
Preparation of a Microfluidic Device and Delivery of Analyte Molecules. The microfluidic device was fabricated from polydimethylsiloxane (PDMS) using standard soft lithography procedures. 27, 28 The mold was fabricated on a 4-in. silicon wafer by SU-8 photoresist patterning. SU-8 2005 was used to obtain a channel height of 5 μm. Two different microchannel designs were prepared and transferred on a chrome/glass photomask. The first design consisted of four parallel channels with individual inlets and a common outlet. In the second design, all four channels had individual inlets and outlets. For the fabrication of the mold, first dehydration baking of silicon wafer was performed at 110°C for 20 min. Then, SU-8 was spin-coated at 2500 rpm for 40 s to obtain the desired channel height. After soft baking at 65°C for 1 min and at 95°C for 3 min, the photoresist was UV exposed through the mask at a dose of 85 mJ/cm 2 . Following the post baking process (65°C for 1 min, 95°C for 3 min), the mold was developed for 1 min with gentle agitation. The fabrication of the mold was finalized by nitrogen drying of the wafer. For casting, 10:1 (w/w) mixed and debubbled PDMS solution was poured on the mold and cured at 80°C for 12 h. Finally, PDMS microfluidic device was peeled off and inlet/outlet holes were generated by a biopsy punch. The microfluidic device was placed over the PEG grafted substrate with assembled gold NPs. The analyte molecules dissolved in ethanol were sucked from the channel inlet with the aid of vacuum applied from the outlet. The solvent evaporated slowly through the inlet region for 20 min. The microfluidic device was then detached from the substrate.
Characterization. To measure the thickness of the end-grafted PEG layers, a stokes ellipsometer (Gaertner) with a fixed angle of incidence of 70°was used. The thickness measurements were performed at three different locations of the substrate using a model consisting of silicon substrate/native silicon oxide layer (thickness of 1.5 nm, refractive index of 1.543)/PEG (refractive index of 1.46). Absorption spectra of the green synthesized gold NPs were obtained using a UV−vis spectrophotometer (PerkinElmer). The morphology of the substrates following assembly of gold NPs was determined with a scanning electron microscope (SEM) at 25 kV (Zeiss EVO LS10). The roughness of the substrate was measured with atomic force microscopy (AFM) from Nanomagnetics Instruments. A Witec alpha300 M+ model Raman spectrophotometer (50× objective) was used to observe the scattering by 532 nm wavelength laser (2 μm spot size). The reporter molecule, rhodamine 6G, was drop-cast (2 μL, 100 μM in ethanol), and the Raman scattering measurement was performed after drying of ethanol. The deposition of rhodamine 6G from the ethanolic solution resulted in complete wetting of the surface and spreading out to cover the whole substrate (∼1 cm 2 ). Raman mappings (40 × 40 μm 2 ) were generated based on the peak of rhodamine 6G at 1361 cm −1 . Each mapping measurement included 6400 spectra obtained with an integration time of 0.005 s. In the Raman measurements for the determination of the detection limit of the plasmonic substrate, a 2 μL droplet of rhodamine 6G with a concentration that ranges from 10 −5 M to 10 −10 M was drop-cast on the green synthesized gold NPs assembled by repeating the immobilization 5 times, 1 h each. The integration time was set as 5 s for the determination of the detection limit and enhancement factor. The presented Raman scattering spectra and SERS intensities were obtained from mappings taken at three different regions of the substrate. The standard deviation in the intensity at 1361 cm −1 was calculated based on 1024 different spectra taken from a Raman mapping obtained over an area of 40 × 40 μm 2 . Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra were obtained in the range of 500−4000 cm −1 using a PerkinElmer 400 FTIR spectrometer with a MIRacle ATR accessory. In ATR-FTIR analysis, an aliquot of the gold NPs and extract were first drop-cast on the cover glass and dried at 40°C on a hot-plate. Transmission electron microscopy (TEM) analysis was performed using the FEITecnai G2 F30 instrument. For TEM characterization, the suspension of gold NPs was drop-cast on the 400-mesh copper grid and dried out at room temperature. Unless otherwise stated, at least three measurements were performed for each analysis. The reported values are arithmetic average of these measurements.
■ RESULTS AND DISCUSSION
All-Water Based Fabrication and Characterization of End-Grafted PEG Layers. Figure 1 schematically shows the important steps in the eco-friendly fabrication of plasmonically active solid substrates. A silicon wafer or glass substrate with surface silanol groups serves as the substrate. A thin film of PEG is then spin-coated on the substrate from an aqueous solution. A brief annealing facilitates the condensation reaction between the surface silanols and hydroxyl end-groups of PEG resulting in grafting of the polymer chains through the formation of a Si−O−C bond. 29 Following removal of the excess material from the surface through washing in water, the substrate modified with end-grafted PEG layers is ready for use. Both the solvent and polymers can be safely disposed without the need for any postprocessing, since water and PEG are biocompatible. Plasmonic gold NPs can now be assembled on end-grafted PEG layers. Conventional citrate-stabilized NPs as well as gold NPs synthesized by the use of reducing agents derived from plants can be employed to decorate the PEGgrafted substrate. The resulting substrate exhibits high plasmonic activity and serves as a substrate in SERS.
The important steps that deserve attention from a green chemistry perspective in the fabrication of plasmonic structures on substrates modified with end-grafted PEG layers are the deposition of the polymer film, removal of the excess material following grafting, and synthesis of metallic NPs. The deposition of polymer thin films is commonly performed by spin-coating. Recent works by others and us have used organic solvents such as chlorobenzene and chloroform for spincoating PEG films. 25, 30, 31 Chlorobenzene, in particular is a good solvent for spin-coating of uniform thin films (<100 nm) with broad usage in demanding nanolithography applications; 32, 33 however, it is a highly hazardous solvent. Following a thermal annealing step in a glovebox, the excess PEG has been typically removed by sonicating the substrate in chloroform, which readily dissolves PEG and is a volatile solvent that can be easily dried. The sequential washing steps result in significant amount of solvent usage. A substrate with a surface area of 1 cm 2 , for example, requires ∼60 mL of chloroform in three cycles of sonication. Replacing the organic solvents with a green solvent that does not require any special waste management greatly contributes to the sustainability of this process for practical applications. Finally, the use of plant extracts in the synthesis of gold NPs is investigated to minimize consumption of synthetic chemicals and benefit from waste biomaterials.
We first investigate the deposition of PEG films from aqueous solutions. Despite the high solubility of PEG in water, the high surface tension of water challenges spin-coating of uniform films. A key advantage of our grafting scheme is that only a fraction of the deposited polymers is grafted onto the substrate and the excess material is removed in the washing step. We, therefore, hypothesized that spin-coating thick films from water is important to cover the whole substrate with the polymer and compensate the nonuniformity of the films spin- coated from aqueous solutions. A series of films were spincoated on top of the freshly cleaned silicon substrates from water by varying the weight percentage of the dissolved PEG from 2 wt % to 10 wt %. A reference sample was prepared by spin-coating from 2 wt % PEG in chlorobenzene. Annealing these samples in a controlled environment at 180°C for 5 min resulted in grafting of the polymer through the condensation reaction between the hydroxyl end-groups and surface silanols. 34, 35 Then, repeated sonication in chloroform removed the excess material. Table 1 lists the thicknesses of the spincoated films and end-grafted PEG layers, which were measured following the thermal annealing and washing steps, respectively. The thickness of the films spin-coated from water increased with the concentration of PEG in the solution. The films spin-coated from water were not as uniform as the reference sample using chlorobenzene as the solvent, and as a result the standard deviations in the thickness values were higher. Following thermal annealing and washing of the excess film, the thickness of end-grafted polymers prepared by spincoating from aqueous solutions ranged between 8.9 and 11.4 nm, whereas the reference sample had a thickness of 12.2 nm. The highest thickness was obtained in the case of films spincoated from 6 wt % solution. These results suggest the possibility of achieving grafting densities (∼0.21 chains/nm 2 , see the Supporting Information for details) that are comparable with the reference sample using all-water based deposition of the PEG films. The distance between the grafting sites (see the Supporting Information for details) is smaller than the 2R g (radius of gyration), suggesting that end-grafted PEG layers are in the brush regime. 36 Despite nonuniformities of the initial films that were spin-coated from water, highly uniform layers of end-grafted polymers were obtained at the end of the process. The roughness of the end-grafted PEG layers deposited from water was ∼1.1 nm, which is on par with the 0.9 nm roughness obtained with the reference sample prepared by spin-coating from chlorobenzene (Figure 2a,b) . The surface of the end-grafted PEG layers exhibited domain like structures that are likely a result of the crystals formed by the PEG chains. 37 The functionality of end-grafted PEG layers prepared by deposition from aqueous solutions was determined by ex-situ SEM imaging and SERS measurements. Citrate-stabilized spherical gold NPs with a diameter of 20 nm were immobilized on the grafted PEG layers. The substrates were washed in water under sonication to remove weakly bound particles from the surface. Figure 3a presents the average number of the immobilized gold NPs derived from SEM images. The binding of the gold NPs exhibited a variation as a function of the weight percentage of PEG in aqueous solutions used to spincoat the films. The average surface density of the particles was the highest (390 ± 9 NPs/μm 2 ) in the case of films spincoated from aqueous solutions containing 6 wt % PEG. For 2 and 4 wt % solutions, the density of immobilized particles was remarkably low and the particles assembled into aggregates. SERS measurements provide an indirect information about the plasmonic activity of the substrates, since the enhancement of signals in Raman spectroscopy is directly proportional to the density of immobilized NPs, which leads to electric field magnification through the excitation of surface plasmon resonances. Figure 3b shows the intensity of the characteristic peak of the reporter molecule for PEG films spin-coated from solutions of varying composition. In parallel to the density of the immobilized particles, the intensity of the SERS signal was the highest in the case of end-grafted PEG layers prepared by films spin-coated from 6 wt % aqueous solution. The intensity of the signal was ∼1.5-fold higher than that of the reference sample prepared by using chlorobenzene. Despite the lower number of the immobilized gold nanoparticles for the 4 wt % in comparison to the 10 wt %, the SERS intensity is higher possibly due to the formation of plasmonic hot-spots in the gap regions of close-packed assemblies (see Figure S1 ) that are specifically observed for this concentration of PEG. As evidenced from the large error bar in the SERS intensity for the 4 wt %, such hot-spots are not uniformly distributed over the entire substrate. It is likely that at the low concentrations (2 and 4 wt %) of PEG, nonuniformities in the spin-coated films resulted in end-grafted layers with a certain degree of inhomogeneity, evidenced with microscopic variations in the density of bound NPs (see Figure S1a) . At high concentrations (e.g., 10 wt %) of PEG, water trapped in the thick films may have a negative impact on the grafting process leading to reductions in the thickness of the grafted layer, density of bound NPs, and SERS intensity. Excess water molecules in the film may hinder driving of the condensation reaction between the end-hydroxyl group of the polymer and surface silanol of the substrate to the grafting side because water is a product of this reaction. Therefore, we chose 6 wt % PEG as the solution for deposition of PEG films for the rest of the study based on the thickness of grafted layers, density of immobilized particles, and SERS measurements.
Second, we investigated the washing step used for removal of the excess and unreacted PEG from the substrate. The films were prepared by spin-coating of solutions containing 6 and 2 wt % PEG in water and chlorobenzene, respectively. The films were then thermally annealed to graft the polymer to the substrate. The subsequent washing step was performed either in water or chloroform. The thickness of the end-grafted PEG layers washed in chloroform was slightly higher than those washed in water (see Table S1 ). This minor contrast in the thickness may arise from the difference in the conformation of PEG molecules in these solvents. 38 The density of immobilized gold NPs and their SERS activity were similar for both washing solvents (see Table S1 and Figure S2 ). These results suggest that the high solubility of PEG in both solvents is sufficient for the effective removal of the polymer. Water is relatively more difficult to dry than chloroform, and it is likely that surface bound water molecules may remain attached to the surface without an additional heat treatment. Such bound water molecules are not expected to have any adverse effects, since the subsequent immobilization step is performed in an aqueous solution.
Size-Dependent Assembly of Citrate-Stabilized Gold NPs. All-water based fabrication of end-grafted PEG layers enables size-dependent assembly of citrate-stabilized gold NPs with a density that is better than those achieved with organic solvents. Previous work has revealed the unique behavior of substrates functionalized with end-grafted PEG layers: the binding density (the number of the immobilized NPs per unit area) and surface coverage (the fraction of the substrate surface that is covered with the immobilized NPs) of the citratestabilized gold NPs increase with decreasing particle diameter. 24, 30 Figure 4a shows that all-water based processing of end-grafted PEG layers led to similar behavior: the density of the immobilized gold NPs decreased with increasing size of the particles (see Figure S3 for details). We note that the density of the immobilized particles was consistently higher on PEG grafted substrates processed by water in comparison with those prepared with organic solvents. The difference in the density was more profound for the small particles (e.g., 20 nm) than the large ones. We hypothesize that this difference is related to the crystallinity of PEG induced by water-based processing. The decrease of the binding density of the citratestabilized gold NPs with increasing particle size becomes an advantage in assembly of plasmonic heterostructures, which are clusters of particles that differ in size. 39 The close placement of NPs of varying size results in asymmetric resonances and extremely high levels of electromagnetic field enhancement in the gap regions. 22 A recent study 40 has shown that the strength of the field enhancement and SERS intensities are extremely high in the gap regions in between the two particles of varying size (e.g., 60 and 30 nm). Heterostructures of citrate-stabilized gold NPs were assembled on the end-grafted PEG layers by sequential deposition of particles with diameters of 60 and 20 nm. The diameters of NPs were chosen based on the sufficient contrast in the binding density of the particles on end-grafted PEG layers. To maximize the surface coverage of both sizes of the particles, the immobilization process was repeated for 5 times. 20 The heterostructures were effectively assembled over large areas (Figure 4) . The intensity of the characteristic peak of the reporter molecule on the heterostructures prepared by water-based processing was stronger than the organic solvent based one. This result likely relates to the higher density of immobilized particles on the former type of the substrate.
Green Synthesis and Assembly of Gold NPs. Synthesis of metallic NPs with green chemistry approaches has recently gained significant interest for a broad range of applications. 41 Herein we investigate assembly of gold NPs synthesized via a green chemistry approach on PEG grafted substrates prepared by all water-based processing. We used the extract of Quercus pubescens as a reducing and stabilizing agent in the synthesis of gold NPs. 42, 43 The synthesis of the gold NPs was performed by varying concentrations of the gold precursor (HAuCl 4 ), amounts of the extract and reaction times. When 1 mM gold precursor was used, the synthesis led to a mixture of prisms and spherical particles as confirmed with TEM images (see Figure S4 ). The spherical particles and the prisms exhibited surface plasmon resonance peaks around 540 and 900 nm in UV−vis spectra, respectively (see Figure S5 ). Different chemical species found in the plant extract likely contribute to multiple nucleation and growth processes challenging the synthesis of monodisperse particles. The size and shape inhomogeneity are known for reducing agents that have additional functions such as a complexant. 44 The growth of the prisms could be minimized when the concentration of the gold precursor was reduced to 0.5 mM. Increasing the volume of the extract at 0.5 mM HAuCl 4 resulted in mostly spherical NPs with a single surface plasmon resonance peak at ∼535 nm with an average diameter of 25.6 ± 11.1 nm ( Figure 5 ). Further reduction of the gold precursor concentration to 0.1 mM did not lead to a distinguishable growth of the particles for different reaction times and amounts of the extract as shown via UV−vis spectra (see Figure S5 for details). The immobilization of these green synthesized NPs on silicon substrates modified with end-grafted PEG layers resulted in the assembly of the particles with a surface coverage that is on par with the citrate-stabilized particles (Figure 5d ). To the best of our knowledge, this is the first demonstration of assembly of gold NPs stabilized with a reducing agent other than citrate on end-grafted PEG layers. The ability to immobilize the green synthesized gold NPs on end-grafted PEG layers suggests that the ligands are weakly associated with the surface of the particle, since PEG chains are unable to bind the gold NPs, which were stabilized with covalently bound ligands. 24 A very recent work 45 has shown that gold nanorods stabilized with proper ligands can be selectively immobilized on end-grafted PEG layers. The green synthesis of gold NPs with different shapes and their assembly on end-grafted PEG layers that were prepared by all-water based processing can enable ecofriendly fabrication of complex plasmonic nanostructures.
To characterize the chemical structure, we performed infrared spectroscopy analysis of the extract and the green synthesized gold NPs. Both the extract and green synthesized gold NPs exhibited prominent peaks that correspond to phenolic compounds and fatty acids (see Figure S6 for details) in close agreement with the literature. 46, 47 The phenolic hydroxyl groups and carboxylic acids have been reported for their roles as reducing and stabilizing agents in the phytosynthesis of NPs. 41 In the case of the citrate-stabilized gold NPs, carboxylate groups play a critical role in the adsorption of the citrate anions on the surface of the particle. 48 Such carboxylate groups are evident in the spectra of both the trisodium citrate and citrate-stabilized gold NPs. The presence of similar peaks in the case of the green synthesized gold NPs suggests that similar groups contribute to the stabilization of gold NPs and their interaction with the end-grafted PEG layers.
SERS Performance. Figure 6 presents the SERS capabilities of the plasmonically active substrates fabricated by assembly of green synthesized gold NPs on end-grafted PEG layers prepared by all-water based processing. High levels of uniformity in grafting of PEG and assembly of gold NPs resulted in the ability to receive high SERS intensities over the entire substrate. Figure 6a reveals the variation in the intensity of the characteristic peak of rhodamine 6G at 1361 cm . From the collected data, the average intensity was found to be 8821.5 counts resulting in an analytical enhancement factor 50 of 9.48 × 10 4 (see Supporting Information for details of the calculation) using the Raman peak intensity at 1361 cm −1 for rhodamine 6G under 532 nm laser excitation. The standard deviation in the average intensity obtained over 1024 different spectra was 28.8%. The Raman mapping presented in Figure 6b shows that the SERS signals could be received from the entire substrate confirming that the substrate was successfully functionalized with endgrafted PEG layers in our all-water based fabrication process yielding in dense assembly of green synthesized gold NPs with high plasmonic activity (see Figure S7 to see the results with citrate-stabilized gold NPs). To determine the level of concentration that the signal can be detected from the fabricated plasmonic substrate, we deposited rhodamine 6G 
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The characteristic bands of the reporter molecule could be clearly detected at the concentration as low as 100 pM ( Figure  6c ). Note that at concentrations that are lower than 10 nM, the SERS intensity exhibited a certain degree of variation over the substrate (see Figure S8 ). The SERS response of the assembled green synthesized gold NPs was higher for the entire range of the concentrations on the end-grafted PEG layers prepared by water-based processing in comparison with those prepared using organic solvents (Figure 6d ). This contrast is likely a result of the higher surface coverage of the particles and reduced interparticle distances obtained on the end-grafted PEG layers processed in water. Previous studies have shown that the localization of strong electric fields near the small gaps in between the metallic NPs enhances the Raman scattering from the substrate. 52 The Raman intensity of the characteristic peak increased with the concentration of the reporter molecule deposited on the plasmonically active substrate (Figure 6d) . The relationship between the SERS intensity (I) and concentration (C) of rhodamine 6G can be well fitted using the expression of log(C) = 5.5537 + 0.3995 × log(I) with a coefficient of determination (R 2 ) of 0.9913. This relationship suggests the promise of this platform for quantitative detection of molecules in SERS. Together with the unique advantages in terms of the sustainability, scalability, simplicity, and robustness, the present study compares well with the recently reported SERS substrates.
53−57
Sensing Application. Finally, we demonstrate the use of the environmentally benign plasmonics platform in the construction of a SERS based sensor for detection of multiple molecules. For this purpose, we prepared plasmonically active substrates using gold NPs synthesized via the extract of Quercus pubescens ( Figure 7 ) and heterostructures that consist of citrate-stabilized gold NPs (see supporting Figure S9 ) on end-grafted PEG layers prepared by all-water based processing. The delivery of multiple analyte molecules to spatially defined regions was accomplished by using an elastomeric mold containing microfluidic channels that are connected to the Sensing of multiple molecules on the environmentally benign plasmonic substrate: (a) layout of the microfluidic channels and (b) SERS mapping image of methylene blue (100 μM) and rhodamine 6G (100 μM) deposited on the plasmonic substrate consisting of the green synthesized gold NPs assembled on all-water processed end-grafted PEG layers. Gold NPs were assembled by repeating the immobilization process (1 h treatment and 2 min wash in water under sonication) for 5 times. The mapping image was generated by using the characteristic peaks of rhodamine 6G and methylene blue at positions of 1361 and 1624 cm −1 , respectively. (c) Raman spectra of rhodamine 6G and methylene blue and (d) SERS mapping image of dexketoprofen (3.9 mM) and ibuprofen (4.8 mM) on the plasmonic substrate. The mapping image was generated by using the characteristic peaks of dexketoprofen and ibuprofen at positions of 1596 and 1633 cm −1 , respectively. (e) Raman spectra of dexketoprofen and ibuprofen. The delivery of the drug and reporter molecules through the microfluidic channels was performed using solutions prepared in ethanol.
reservoir (Figure 7a ). Placing the mold over the substrate with assembled arrays of gold NPs, resulted in open-ended continuous channels over a length of 1 cm. The controlled application of a vacuum at the outlet of the channel resulted in transport of the analyte solution from the inlet to the outlet at an average velocity of 0.5 mm/s. Following the filling of the channels and evaporation of the solvent, the mold was removed from the substrate. The patterned deposition of multiple analyte molecules allowed for simultaneous analysis and direct comparison of different samples. Two commonly employed SERS reporter molecules, rhodamine 6G and methylene blue, were deposited on the NP arrays. Both molecules could be detected on the same substrate surface (Figure 7b,c) . The plasmonic gold NPs effectively increased the inelastic scattering from both rhodamine 6G and methylene blue, enabling detection of the molecules via Raman spectroscopy (see Figure S10a) . Mapping the characteristic peaks of rhodamine 6G and methylene blue confirmed the presence of the molecules in the alternating channels. The microfluidics integrated SERS platform can successfully pattern and detect analyte molecules at concentrations as low as 100 nM. A further reduction in the concentration results in nonuniform deposition of the molecules within the channels (see Figure S11) . The intense signals in SERS as well as the ability to pattern multiple molecules within microfluidic channels may be well utilized in fabrication of security labels, 58 sensing of gaseous molecules, 59 and multiplexed suspension assays. 60 To demonstrate the practical value of the microfluidics integrated SERS platform, we investigated detection of two types of nonsteroidal anti-inflammatory drugs (NSAIDs), which are commonly consumed by the public and present as contaminants in the environment. NSAIDs are effective pain relievers that primarily function by the inhibition of cyclooxygenase enzymes. 61 These drugs can come in contact with wastewater streams through ingestion followed by excretion and direct disposal of unused drugs. 62 Studies have demonstrated incomplete degradability of such pharmaceuticals in some wastewater treatment plants. 63, 64 Even at reduced concentrations, long-term exposure to such drugs has potential to facilitate alterations in the ecosystem through toxicity and generation of resistance to these drugs. Therefore, it is of great interest to be able to simultaneously detect multiple drug molecules at low concentrations. Herein we investigate simultaneous detection of ibuprofen and dexketoprofen through the microfluidics integrated environmentally benign SERS platform. Both ibuprofen and dexketoprofen belong to the propionic acids family of NSAIDs and are widely used for pain management. 65 For these experiments, the elastomeric mold was conformally contacted over the plasmonic substrate and solutions of the drugs were sucked into the channels as described above. Following detachment of the mold from the surface, the characteristic Raman fingerprints of ibuprofen and dexketoprofen were obtained over the consecutive channels (Figure 7d,e) . Note that there were no detectable signals on the bare silicon substrate in the absence of plasmonic gold NPs (see Figure S10b) . Mapping the intensity of the Raman peaks of ibuprofen and dexketoprofen at 1633 and 1596 cm −1 clearly showed the simultaneous detection of the multiple drug molecules.
■ CONCLUSIONS
In summary, fabrication of plasmonically active solid substrates with the use of biocompatible materials and solely water-based solvents was demonstrated. Highly smooth surfaces consisting of end-grafted PEG layers were obtained via one-step facile grafting of an industrially available end-functional polymer. The substrates modified with end-grafted PEG layers resulted in uniformly and strongly bound gold NP arrays, which exhibit high plasmonic activity significantly enhancing the intensity of signals in Raman spectroscopy. The assembly of gold NPs synthesized by the use of plant extracts on the end-grafted PEG layers not only contributed to the sustainability of the process but also demonstrated the interaction between endgrafted PEG layers and gold NPs stabilized with a reducing agent other than citrate for the first time. Simultaneous SERS sensing of multiple drug molecules with a microfluidic device presents an example to the potential use of the presented platform. The sustainable, scalable, simple, and robust fabrication of plasmonically active solid substrates is expected to have a broad impact in a range of fields including catalysis, anticounterfeiting technologies, sensing, and metasurfaces.
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